(Received for publication, October 9, 1952) Widely divergent .results have been reported concerning the length of time protein antigens are retained in the host. Schoenheimer's (1) original demonstration of the rapid turnover of proteins has been confirmed by many investigators. Therefore, any long term retention of protein antigen would require that these proteins be handled in a different manner from other proteins.
Most of the studies on antigen retention have involved actual measurement of the retained antigen. In this study, we have approached the problem by observing the reactions of the host. The characteristic rapid production of antibody which occurs following a second injection of antigen some time after the first injection (the secondary or anamnestic response) enables one to interpret rapid antibody production as evidence that the animal has previously encountered the antigen. The absence of an accelerated response is evidence, on the other hand, that the animal has not previously received the antigen in a biologically active amount--all this on the assumption that the animal is capable of producing antibody.
The secondary response can be observed in two ways. The classical method is by measurement of antibody produced. However, it has been shown that antigen is lost more rapidly on second than on primary injection, and that in early stages the loss of antigen is related to the production of antibody (2) . Hence the rate of antigen loss can also be used as a measure of the secondary response.
Several workers have reported on the stability of lightly iodinated protein antigens, and on the validity of radioactivity determinations as a measure of immunologically active antigen (3) (4) (5) (6) (7) (8) . Radio-iodinated bovine gamma globulin was used in the present study of the secondary response as a measure of antigen retention.
It is known that x-irradiatlon will suppress the development of antibodies if given prior to the antigen (9) (10) (11) . In contrast to lymphoid tissue sensitivity (12) (13) (14) , macrophages are very resistant to irradiation both in respect to histologic changes and phagocytic activity (12) (13) (14) (15) ; and all observers agree that any long time retention of antigen occurs in the macrophages (16) . In * Captain, Medical Corps, Army of the United States. 247 the irradiated animal, with an almost complete repression of antibody production, the macrophages are unharmed and will store antigen for a certain length of time. In less than 2 months, a rabbit given 500 roentgens will have recovered from the effects of irradiation (12) . It follows that if the animal has been given an antigen after irradiation and has retained it for this length of time, he should, on recovery, be immune to this antigen, and a second injection should produce an anamnestic response. In contrast, if the antigen is lost as fast or faster than homologous protein, by the time the animal has recovered his ability to become immune, he will no longer retain sufficient antigen to elicit the immune state, and therefore should react as an unimmunized, i.e. normal, animal, if only a small quantity of antigen was given initially.
In the following experiment we have utilized the technique of Dixon (2, 17, 18) , slightly modified, to test this hypothesis. Our findings support the concept that antigenic proteins are retained no longer than homologous proteins.
Materials and Methods
Female rabbits of mixed breeds and colors weighing 3 to 5 kg. were used. 100 to 200 ~c. of iodinated bovine gamma globulin ~ (BGG) were injected into the right marginal ear vein in doses of 0.25 to 0.4 mg./kg, for the primary injection and 0.15 to 0.3 mg./kg, for the secondary injection. Blood was secured from the marginal vein of the left ear, using heparinized syringes. A sample was taken 15 minutes after injection and daily thereafter for 14 days, or until the counts were less than 0.5 per cent of the 15 minute specimen. 1 ml. of blood was placed in metal planchets, 25 nun. in diameter and 7 nun. deep, and allowed to air-dry overnight.
Plasma protein was not separated, since it has been shown that once equilibrium between plasma and extraceliular fluid is established, the rate of loss of rs~lioactivity from serum and the rate of loss of precipitable antigen from serum are the same (8) . Equilibrium was assured by allowing 2 days after the injection before blood specimens were utilized in the results. Since the value at 2 days was approximately 20 per cent of the 15 minute value, all 2 day readings were arbitrarily placed at 20 per cent. The planchets were counted twice with a beta gamma end-window Geiger-Mueller tube, for a total of 8192 counts. The counting error was 2 per cent. Counts were corrected for radioactive decay.
21 normal rabbits (control group) were given I m BGG and the rate of loss of I TM from their blood was determined as described. 3 to 5 months later (average 3.8 months), 13 of them were reinjected. On first injection the animals had received 0.25 to 0.4 mg./kg, and on the second 0.15 to 0.3 mg./kg. 25 rabbits were given 500 roentgens of x-irradiation (air) using a 220 kv. machine at 15 ma. with 0.5 ram. copper and 1.0 ram. aluminum filters. The rate was 25 roentgens/minute. 40 hours later they were given I m BGG. From 2 to 6 months later (average 3.2 months), 13 were reinjected. The amounts given were the same as in the first group. 2 months later, 4 of these were given a third injection of 0.4 mg./kg.
RESULTS
The results are shown in Fig, 1 led X) showed a first order loss of activity throughout the time studied. This rate of loss continued through 21 days, but only the first 7 of these are graphed, since statistical analysis could not be applied after that time because of the dropping out of the CR group.
The curve of the reinjected control group (CR) dropped at once below that of the other groups, and showed the typical anamnestic response of the immune animal.
The curve of the control rabbits (C) followed the curve of the irradiated animals to the 3rd day, but then fell below it, and did so more and more as 20
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Fm. 1. Rate of BGG loss from rabbit blood. X •ffi 25 rabbits given BGG 40 hours after 500 roentgens whole body x-ray. XR =, 13 of preceding rabbits reinjected with BGG after 3.2 months. C = 21 control rabbits given BGG. CR ffi 13 of preceding rabbits reinjected with BGG after 3.8 months.
All values arbitrarily placed at 20 per cent for day 2.
time went on. The curve of the reinjected irradiated group (XR) showed the same slope as that of the controls. When these results are subjected to statistical analysis, using the "t" test and comparing groups at daily intervals, it is found that there is no significant difference between the controls and the reinjected irradiated groups (C rs. XR) since P is > 0.3 at all times. However, the curve of the reinjected control group differs significantly from curves of both the control and the reinjected x-ray group (CR rs. C and XR) with P <0.001.
The 4 irradiated animals given a third injection showed a curve similar to that of the reinjected controls.
None of the curves of the animals in any group showed the extremely steep fall found in animals with circulating antibody (18) . For example, another of our rabbits, after 4 weeks of BGG injections, showed a serum antibody level of 0.15 rag. of antibody nitrogen/ml. 24 hours after 0.2 mg./kg, of IBGG was given, the blood contained only 1.2 per cent of the activity found at 15 minutes after injection, in contrast to the average of 30 per cent at 24 hours found in the groups under study here.
DISCUSSION
As observed by others (9, 17, 19) , irradiated animals retain antigen longer than controls. Fig. 1 demonstrates that those animals of the present work which received x-rays prior to the first injection of antigen reacted to the second injection as unimmunized rather than as immune animals, and the similarity of the XR and C curves demonstrates that they had recovered from the effects of irradiation. Furthermore, all 4 irradiated animals given a third injection showed an anamnestic response. Applying our results to the hypothesis outlined earlier, it appears that BGG (0.25 to 0.4 mg./kg.), which has been reported to persist longer than other protein antigens (20, 21) , is lost as active antigen before rabbits recover from 500 roentgens of x-ray. Since the rabbits reinjected at 2 months gave the same results as those reinjected later, the retention of antigen would appear to be for periods less than 2 months.
These results agree with the findings of Craddock and Lawrence (22), using smaller doses of x-ray (250 roentgens). These authors followed typhoid agglutination titers. Their data show that 30 to 40 days after irradiation, reinjected rabbits did not show the accelerated response shown by the reinjected controls. The differences were less striking than in our study, probably owing to the smaller amount of x-ray used, and also because bacterial vaccines do not give as marked a secondary response as soluble antigens (23) .
The concept that antigenic protein is not retained longer than homologous protein appears to disagree with some impressive work by McMaster and Kruse (21, 24, 25) . Using bovine gamma globulin as antigen, and transferring organs from mice given antigen to normal mice, they used an extremely sensitive vascular response as a measure of the presence of antigen. With this technique they could detect BGG up to 101 days. Human albumin was found for 42 days. The work was brilliantly planned and executed, and leaves no reasonable doubt that these antigens did persist as immunologically active antigens for these extended periods.
Can this work be reconciled with our findings? According to our concept, protein antigen is disposed of as fast or faster than a similar homologous protein. As McMaster has pointed out (21), if a species forms antibody well in response to a specific antigen, the antigen is not retained long, while if little antibody is formed, as in mice, retention may be prolonged. However, we feel that such retention never exceeds that of homologous protein.
The limit of sensitivity of the McMaster method was 0.1 gg. of protein. The half-life of human serum albumin is 6 to 8 days in the rabbit (26) . Assuming a value of 4 days for the mouse, and starting with the 5 mg. which McMaster used, at 42 days 3.5 #g. remain. Assuming that 10 per cent was transferred to the recipient mouse, 0.35 gg. of antigen would be given, which is just within the limit of their sensitivity. The half-life of gamma globulin is in considerable dispute. However, if the figure of 14 days (27) is accepted for the rabbit, and a value of approximately 8 days is assumed in the mouse, of the 5 rag. injected, only 1.25 ~tg. will remain at 101 days. Again assuming that 10 per cent of this is transferred, the value of the 0.125 gg. is still above the sensitivity of the method. Hence, it would appear that the work of McMaster and Kruse 148 days after injection of C 1~ anthranilazo-ovalbumin into rabbits, Crampton, Relier, and Haurowitz (28) found 0.007 per cent remaining in the liver. This would give a half-life of some 10 days for this material. At 79 days 0.04 per cent was found. This would indicate a hag-life of 7 days.
Coons et aL (20) , using mice and doses similar to those of McMaster or larger, found very short time retention of several protein antigens. These workers circumvented criticism of the use of the azofized antigens by giving normal proteins and then adding azotized antisera to thin sections of tissue and allowing the reaction to continue for 30 minutes at 37°C. However, they state that owing to the solubility of the antigen, it was necessary to place the section in 95 per cent ethanol to "decrease the solubility,"
i.e. precipitate the antigen, since BGG is essentially insoluble in this solvent. In a normal precipitin reaction, both antigen and antibody are in solution. If the antigen were precipitated, it would greatly decrease the surface area of the antigen, and therefore the antigen should combine with less antibody.
To simulate these conditions, 0.1 ral. of BGG solution was placed in a test tube and dried at 37°C. At this time, 0.1 ml. BGG was placed in another test tube, and to each, 1 nil. of serum containing antbBGG was added. Two sera were set up in this fashion. The two containing BGG in solution were mixed, the others were not, and all were left at 37°C. for 30 minutes. Antibody nitrogen was then determined. The results are shown in Table II .
It is apparent that Coons's technique would indicate less than one-tenth of the antibody, and therefore antigen, which actually was present. After a few days he would be unable to detect antigen, although present. The differences between gamma globulin, bovine albumin, and egg albumin are consistent with their molecular weights of 160,000, 70,000, and 40,000 respectively. Using the same dosage range, the smaller the molecular weight, the more molecules and the greater the surface area. Hence, the egg albumin would he most affected by precipitation.
Pressman (29, 30 ) calculated a half-life of 20 days for antibody in mouse kidney labeled with either S s6 or Im. The usual method of computing half-lives of materials is by following their loss from the same animal. This was, of course, impossible in his studies of mice. He sacrificed 2 animals at various periods, and used all the values for his curves, from which the half-life was computed. His data show the large variation which one expects to find in different animals. For instance, in one experiment, on day 13, the two values were 1070 and 2300; on the 20th day they were 950 and 1700. In another experiment, on day 1, a value of 1180 was recorded, while another mouse, on day 3, had 1430 C.P.M. These are, of course, extremes, but demonstrate the difficulties intrinsic in calculating half-lives from this type of data.
Another important aspect of antigen retention which seems to have been overlooked is the actual amount of antigen which would be introduced into a host during an infection. An article by Martin and Kerby (31) contains pertinent information, al-though we are not here considering polysaccharide antigens. These authors produced an "overwhelming bacteriemia" by intradermal injection of Type I pneumococci into rabbits. At the height of the bacteriemia, cultures of caval or heart blood were taken. Values on 7 rabbits were given and the median value was 1.5 × 10 ~ pneumococci/ml. of blood. If it is assumed that the bacteria were extracellular, and that 20 per cent of the body weight was composed of plasma and extracellular fluid, there would be 3 × l0 T bacteria/kg. In our laboratory, a vaccine with 1.8 × 109 Type I pneumococci/ ml. contained 0.084 rag. N/ml. or 0.52 rag. of protein/ml. Assuming all the protein to have antigenic importance, which is no doubt untrue, then each bacterium would contain 0.52/1.8 × 109 = 2.9 X 10 -1° rag. of protein and our septicemic animal would contain 2.0 X 10 -l° X 3 X l0 T ~ 8.7 × 10 -8 mg. of protein antigen/kg. For a 25 gin. mouse, this would be 2.2 X 10 -~ mg. This is just at the lower limit of the McMaster method, the most sensitive method for antigen detection (as antigen).
It is obvious that essentially all of the experimental work on antigen retention has involved the use of quantities of antigen tremendously larger than the amounts encountered in disease.
When corrections are made for the greatly differing quantities of antigens used by different investigators, it appears that no gross inconsistencies exist, and that protein antigens are retained no longer than native proteins of similar structure.
Our study yields no information as to whether antibody is produced in the absence of antigen.
SUMMARY
Normal and irradiated rabbits were given small doses of I lal bovine gamma globulin (BGG) and the rates of its loss from their blood were determined. The figures agreed with those of previous reports.
3 to 4 months later, both groups were reinjected with antigen. The control group gave an accelerated (anamnestic) rate of loss, indicative of the immune state. The irradiated group gave a response similar to that given by the control group on primary injection.
Rabbits recover from 500 roentgens of x-ray in less than 2 months. Hence, rabbits given BGG soon after irradiation should become immune to this antigen in 2 months if they retain it. Since rabbits reinjected with BGG 3 to 4 months after irradiation did not give an accelerated response, the BGG must not have been retained over the period of time necessary for recovery; i.e., less than 2 months. As the rate of antigen loss is greater in normal than in irradiated animals, normal rabbits will have lost BGG as active an.tigen prior to the irradiated animals.
The amounts of antigen used (0.25 to 0.4 mg./kg.) more nearly approximate the amounts present during disease than have the amounts used in previous studies of antigen retention.
The hypothesis that protein antigens are lost as fast or faster than homologous proteins is discussed and the conclusion reached that this is a valid concept.
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